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Abstract 
Based on the Techno-Economic Resource-Reserve Pyramid, CO2 storage capacity is divided to Theoretical Capacity, 
Effective Capacity, Practical Capacity, and Matched Capacity. These different classes consider the data sufficiency on geology, 
engineering, economics, and CO2 sources, respectively. Practical Capacity is important for a mature CCS project. The purpose of 
this study was to propose a procedure for estimating Practical Capacity. 
A case study focusing on estimations of Practical Capacity was presented and discussed. Combining simulation runs and 
economic analysis, the values of Practical Capacity were evaluated. We found that there is a linear relationship between Practical 
Capacity and net present value (NPV). The relationship is useful for determining the optimal operation scenario when the best 
Practical Capacity or NPV is considered. 
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1. Introduction 
The most practical technology for mitigating large-scale CO2 emissions from stationary spots is CO2 capture 
and storage (CCS). Geological CO2 storage is generally considered the best storage option [1,2,3]. Before a 
geological CCS project is implemented, estimations of CO2 storage capacity must be obtained. 
Types of CO2 storage capacity depend on the factors considered, such as data availability, CO2 storage 
technology, operation costs, policy incentives, etc. When different factors are considered, storage capacities cannot 
be compared. Thus, classification and definition of CO2 storage capacity are important [4]. 
Some CO2 storage capacity classification systems have been proposed, including the Carbon Sequestration 
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Leadership Forum (CSLF) system [5,6], the Cooperative Research Centre for Greenhouse Gas Technologies 
 (CO2CRC) system [7], CO2 Storage Resource and Capacity Classification [8], the Energy & Environmental 
Research Center (EERC) framework [9], the Carbon Storage Capacity Management System (CSCMS) [10], which 
is also based on research from the CO2CRC, and the CO2 Storage Capacity Classification System [11]. These 
classification systems are similar, but the CSLF system is simple and widely used. Therefore, the CSLF system was 
used in this study to estimate CO2 storage capacity. 
The CSLF system [5,6], or Techno-Economic Resource-Reserve pyramid (Fig. 1), shows that CO2 storage 
capacity can be divided into four subsets, each accounting for additional constraints. In this system, Theoretical 
Capacity, at the bottom of the pyramid, is the upper limit of pore volume in the formation for storing CO2 within a 
specific area. Theoretical Capacity estimates the available pore volume of the target formation and area for CO2 
storage. The CSLF defines a capacity coefficient (CC) as considering physical constraints, such as reservoir 
properties and injection technology. Effective Capacity is derived by multiplying theoretical capacity by the capacity 
coefficient (CC). Practical Capacity is determined based on additional economic constraints. Finally, if the CO2 
source was taken into account, Matched Capacity can be estimated [6]. 
 
 
Fig. 1. Techno-Economic Resource-Reserve pyramid. 
 
Practical Capacity is less discussed by other studies because regulations, public awareness, and economic 
incentives for it have not been fully developed. However, the estimates of Practical Capacity are critical for a CCS 
development project and will help policy-making for a CCS. The purpose of this study was to propose the 
procedures for estimating Practical Capacity. A case study of CO2 storage in a saline formation was also illustrated 
to perform the storage capacity estimation procedures. 
 
2. Methodology 
To date, most CO2 storage capacity estimations are focused on Theoretical Capacity and Effective Capacity. 
However, to make the CCS project more feasible, it is necessary to take into consideration economic and regulatory 
factors when calculating Practical Capacity. In this study, we proposed a procedure to calculate Practical Capacity 
in the following steps. 
 
Step 1. Obtaining an injection profile 
The workflow is shown in Figure 2. It begins from collected structural maps and logging data (or core analysis), 
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from which we can obtain formation properties such as: thickness, area, porosity, etc. Then, by digitizing and 
combining these structural maps and formation properties, and by adding fluid properties (CO2 and saline water), a 
geological model can be constructed. Some injection well arrangements (number of wells and locations) and 
operation conditions are set for different simulation scenarios (cases), which could be used to perform different 
simulation runs. From these simulation runs, the injection profiles for every scenario can be obtained. 
 
 
 
Fig. 2. Workflow for obtaining the injection profile of different simulation scenarios. 
 
Step 2. Economic analysis 
The assessment workflow for calculating Practical Capacity is shown in Figure 3. By making estimates of 
capital, operating, monitoring, and decommissioning costs, etc., we can conduct an economic analysis for the 
simulation results from Step 2. Here, the NPV method was used to calculate Practical Capacity. In other words, it 
can determine whether the storage capacity can make the CCS project economically feasible. 
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Fig. 3. Workflow for calculating the Practical Capacity and NPV. 
 
The NPV method compares the difference between the Present Value (PV) of Net Cash Flow (NCF) of all 
feasible investment projects to analyze their profitability. Present Value or Discounted Cash Flow is a future amount 
of money that has been discounted to reflect its current value in a given period; Net Cash Flow is the difference 
between cash inflow and cash outflow. When the net cash flow is discounted according to a defined discount rate 
and time period, the summation of the discounted net cash flow is the NPV [12]: 
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where CFi = net cash flow, i = 0, 1, 2, 3…n; n = net cash flow of the ith period; R = the discount rate; i = the time 
(period) of the net cash flow; and PV = present value of net cash flow. 
In Figure 3, this workflow starts from the first year (i = 0) and the Net Cash Flow is calculated every year from 
injection profile [q(i)] for case k and engineering economic parameters. If the CO2 plume reaches the spill point (i>j), 
the Net Cash Flow will be calculated with the discount rate considered, and Practical Capacity and NPV can be 
obtained. If not, the Net Cash Flow will be compared with the well abandonment cost; when the abandonment cost 
is less than the Net Cash Flow, the Net Cash Flow for the next year (i+1) will be calculated. When the abandonment 
cost is more than the Net Cash Flow, we should determine whether the Net Cash Flow is caused by capital costs or 
not; if it is (iʀs), the Net Cash Flow for the next year will be calculated; if not, the Net Cash Flow will be calculated 
with the discount rate considered, and NPV and Practical Capacity for case k can be obtained. 
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3. Geological Description 
YHS gas field (Fig. 4) in Taiwan was chosen in this study, which has been producing natural gas and 
retrograde oil from a gas reservoir since the field was discovered in 1975. In this study, we focused on a saline 
formation, Y-Sandstone, to be considered a potential site for sequestering CO2. The structure we studied is an 
anticline structure (Fig. 5) about 8 km long, 5 km wide, and 280 m thick. The average depth of the Y-Sandstone is 
about 1,600 m, which is favorable for storing super-critical phase CO2. 
 
 
Fig. 4. Gas fields in Taiwan. 
 
 
Fig. 5. Topographic map of the underground structure the Y-Sandstone in the YHS gas field. 
 
The Y-Sandstone formation is one of the members of the K-Formation, a Mio-Pliocene sedimentary formation 
subdivided into three members [13]: Y-Sandstone, S-Shale, and K-Sandstone (Fig. 6). The Y-Sandstone is overlaid 
by a Pliocene sedimentary cover, the C-Shale, which is a thick regional distributed shale formation about 300 m 
thick and has extremely low permeability. Therefore, the C-Shale can be a reliable caprock once CO2 is injected. 
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Fig. 6. Stratigraphic data of the study area. 
 
From available subsurface geological reports of wells such as: Y-3, Y-5, Y-11, and Y-12, the porosity, 
permeability, and salinity are shown (Table 1). The top depth of the Y-Sandstone is about 1300-1600 meters, the 
porosity ranges from 0.23 to 0.25, the permeability is 204-531 mD, and the salinity ranges from 1,500 to 14,000 
ppm. The other reservoir properties at a depth of 1646 m are: initial pressure 16.8 MPa; temperature 72 qC; and 
irreducible water saturation 20%. 
 
Table 1. Formation properties from subsurface geological reports (from wells: Y-3, Y-5, Y-11, Y-12) 
Well Depth (m) Porosity (%) Permeability (m2) Salinity (ppm) 
Y-3 1,468~1,468 25.1 5.31 u 1013 1,500 
Y-5 1,482~1,498 25.0 5.07 u 1013 12,000 
Y-11 1,355~1,548 23.3 2.37 u 1013 14,000 
Y-12 1,616~1,636 23.0 2.04 u 1013 9,500 
 
4. Reservoir simulation model 
This study was done using GEM, a general equation-of-state compositional simulator developed by Computer 
Modelling Group Ltd. to simulate the effects of reservoir fluid during operations. The results obtained present the 
storage mechanisms (structural, residual gas, solubility, ionic, and mineralization trappings) that occur when CO2 is 
injected into a saline formation. 3D simulations with fully coupled storage mechanisms were considered, but the 
mineralization trapping mechanism was not taken into consideration because it is complicated and takes more than 
1,000 years to affect CO2 storage capacity [14]. 
The number of fundamental grid blocks in the numerical model was 53 u 35 u 5. Each grid block size was 
about 270 m u 270 m u 56 m. Grids were set as null grids if they were out of the range of the contour map. Grid 
blocks at the well were hybrid refined into 10 u 1 u 1 grid blocks to improve accuracy during the simulated CO2 
injection [15]. Grid blocks along the model’s boundary were assigned large pore volumes to simulate the external 
extension of the saline formation. Thus, water was assumed to flow out of the anticline structure when CO2 was 
injected. Moreover, we assumed that the faults were vertically non-conductive and allowed no CO2 leakage from the 
saline formation. 
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4.1 Construct saline formation model using geostatistics 
Because of the inherent heterogeneity of the saline formation, geostatistics was used in the numerical model to 
populate the formation properties, which are from the subsurface geological reports of the Y-Sandstone (Table 1). 
Only four data points (wells: Y-3, Y-5, Y-11, Y-12) are in this field; therefore, we used simple kriging method 
to produce a heterogeneous geological model. Simple kriging is mathematically the simplest. It assumes the 
expectation of the random field to be known, and relies on a covariance function. By using simple kriging, the 
properties are interpolated from the four wells to the whole reservoir, and a heterogeneous geological model with 
distributions of formation properties can be obtained (Fig. 7). Additionally, the vertical-to-horizontal permeability 
ratio (kv/kh) was assumed to be one. The relative permeability curve was calculated using the Corey equation (Corey, 
1954). In addition, the effects of gas relative permeability hysteresis were simulated by setting the maximum 
residual gas saturation (Sgrmax) to 0.3 (Holtz, 2002; Kumar et al., 2005). 
 
 
Fig. 7. Geostatistical model of Y-Sandstone in the YHS gas field. 
 
4.2 Setup of injection wells and operation conditions  
Three injection wells were designed at different locations (Y-3, Y-4, Y-6) (Fig. 8), in order to increase the flow 
path of the CO2 plume in the saline formation, and to improve the safety of CO2 storage, the well perforations were 
set in the bottom layer [16]. 
 
Fig. 8. Well locations and its perforation at bottom layer. 
 
Some reasonable operating conditions are set to ensure that the maximum bottom-hole pressure is less than 1.5 
times the initial pressure in order to maintain the mechanical integrity of the formation [17]. The operating 
conditions include: constant rate injections of q = 1.16 and 1.76 million m3/day, and constant pressure buildup 
injections of Δp = 1.38 andġ2.07 MPa. By imposing these operating conditions on the injection well in different 
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simulation runs, the CO2 injection profiles of the saline formation could be obtained. 
 
5. Results and Discussion 
Practical Capacity is the capacity that considers the factors of geology, engineering, and economy. In this 
study, we collected economic data (Table 2), such as capital costs (drilling, pipelines, equipment, etc.), operation 
costs (compression and injection), the discount rate, etc., for economic analysis. Assuming that the carbon tax is 40 
USD/tone, the NPV of different operating conditions for storing the CO2 in the Y-Sandstone can be calculated. 
 
Table 2. Hypothetical economic parameters  
Parameters  Value 
STARTUP COSTS 
Drilling cost  2,000,000 USD/well 
Pipeline  1,200,000 USD 
CO2 treatment and compression facilities  210,000 USD 
OPERATIONAL COSTS 
Injection operational cost  2.6 USD/ton CO2 
Fixed operational cost  600,000 USD/yr 
CO2 capture cost  26 USD/ton CO2 
CO2 compression cost  5.7 USD/ton CO2 
Safety monitoring and verification  300,000 USD/yr 
Abandonment cost  500,000 USD/well 
DISCOUNT RATE 
Discount rate  3% 
 
For example, Figure 9 presents discounted net cash flow and NPV for the case of the Y-4 well injected CO2 
with a 2.07 MPa pressure buildup. We set the first year (year 0) as the reference year for the discount. The 
discounted net cash flow in the first year is negative because of the capital investments. In the following years, 
however, because of carbon taxes, the project has revenue, and the NPV grows over time. The discounted net cash 
flow, however, declines over time because of the discount rate or a decline in the injection rate. 
 
 
Fig. 9. Net present value (NPV) calculation for the case of the Y-4 well injected CO2 with a 2.07 MPa pressure buildup. 
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An economic limit criterion can be applied to the NPV results for economically accessible CO2 storage to 
determine Practical Capacity. Because the abandonment cost is USD 0.5 million per well for this case, we simply 
set the economic limit as the abandonment cost multiplied by the number of wells. Once the calculated discounted 
net cash flow is below this economic limit, we can obtain Practical Capacity. From the calculations shown below, 
the estimates were within 0 and 64.7 Mt (Table 3), and the durations of injection were within 0 and 45 years, which 
is very close to the lifetime of a power plant. Hence, these considered to be very practical results. Among the results 
of the cases, the Practical Capacity is zero in the case of Y-6 well injected CO2 with a 1.4 MPa pressure buildup; 
this is because the net cash flows are smaller than the abandonment cost in every year, which is caused by small 
CO2 injection rate calculated. 
 
Table 3. The results of Practical Capacity from reservoir simulations and economic analysis 
Constant Injection Pressure (∆p)  Constant Injection Rate (q) 
Operating 
Conditions 
Practical Capacity 
(injection time) 
Cumulative NPV 
(MM USD) 
 
Operating 
Conditions 
Practical Capacity 
(injection time) 
Cumulative NPV 
(MM USD) 
ONE-WELL INJECTION      
∆p = 1.4 MPa 
(Y-3 well) 
12.3 Mtons 
(43 years) 
7.75 
 
 
q = 1.2 million 
m3/day (Y-3 well) 
16.9 Mtons 
(21 years) 
11.16 
∆p = 1.4 MPa 
(Y-4 well) 
6.2 Mtons 
(9 years) 
1.99 
 
 
q = 1.2 million 
m3/day (Y-4 well) 
16.9 Mtons 
21 years) 
11.16 
∆p = 1.4 MPa 
(Y-6 well) 
0 
(Not economically 
feasible) 
 
 
q = 1.2 million 
m3/day (Y-6 well) 
16.9 Mtons 
(21 years) 
11.16 
∆p = 2.1 MPa 
(Y-3 well) 
64.7 Mtons 
(24 years) 
59.74 
 
 
q = 1.8 million 
m3/day (Y-3 well) 
54.5 Mtons 
(45 years) 
42.92 
∆p = 2.1 MPa 
(Y-4 well) 
56.2 Mtons 
(40 years) 
52.91  
q = 1.8 million 
m3/day (Y-4 well) 
54.5 Mtons 
(45 years) 
42.92 
∆p = 2.1 MPa 
(Y-6 well) 
42.4 Mtons 
(33 years) 
40.39  
q = 1.8 million 
m3/day (Y-6 well) 
42.4 Mtons 
(43 years) 
37.19 
TWO-WELL INJECTION      
∆p = 1.4 MPa 
(Y-3, Y-4) 
11.3 Mtons 
(11 years) 
8.36  
q = 1.2 million 
m3/day (Y-3, Y-4) 
54.6 Mtons 
(34 years) 
53.54 
∆p = 1.4 MPa 
(Y-3, Y-6) 
10.5 Mtons 
(10 years) 
7.69  
q = 1.2 million 
m3/day (Y-3, Y-6) 
49.7 Mtons 
(31 years) 
50.38 
∆p = 1.4 MPa 
(Y-4, Y-6) 
10.1 Mtons 
(10 years) 
6.74  
q = 1.2 million 
m3/day (Y-4, Y-6) 
44.9 Mtons 
(28 years) 
46.93 
∆p = 2.1 MPa 
(Y-3, Y-4) 
61.5 Mtons 
(31 years) 
70.12  
q = 1.8 million 
m3/day (Y-3, Y-4) 
58.3 Mtons 
(24 years) 
73.84 
∆p = 2.1 MPa 
(Y-3, Y-6) 
52.2 Mtons 
(26 years) 
63.06  
q = 1.8 million 
m3/day (Y-3, Y-6) 
38.8 Mtons 
(16 years) 
53.37 
 ∆p = 2.1 MPa 
(Y-4, Y-6) 
44.9 Mtons 
(23 years) 
54.8  
q = 1.8 million 
m3/day (Y-4, Y-6) 
41.2 Mtons 
(17 years) 
56.21 
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THREE-WELL INJECTION      
∆p = 1.4 MPa 6.4 Mtons 
(5 years) 
1.97  
q = 1.2 million 
m3/day 
45.7 Mtons 
(19 years) 
58.97 
∆p = 2.1 MPa 51.2 Mtons 
(22 years) 
64.99  
q = 1.8 million 
m3/day 
43.6 Mtons 
(12 years) 
66.94 
*Note: CO2 injection rates were measured at standard conditions (101.33 kPa and 15°C). 
 
Plotting the Practical Capacity vs. NPV (Fig. 10), the results show that there is a linear relationship between 
them, and we can determine which operation condition or well arrangement will have the best Practical Capacity or 
NPV. If we compare the results by operation conditions, the better performance cases are the cases of constant rate 
injection. This is because the injection rate is steadier in these cases than in constant pressure injection cases. Hence, 
the revenues resulted by carbon tax are better in those cases. Then if we compare the results by the number of wells, 
the better performance is in the cases of multi-wells injection. This is because the fixed cost can be shared by each 
injection well, and the total injection rate of multi-wells will also be larger than the total injection rate of a single 
well. Moreover, multi-well cases have larger drainage areas, and the CO2 plume can be effectively distributed in the 
whole formation. From these results of economic analysis, both multi-well and constant rate injection are 
recommended for this storage site. 
 
 
Fig. 10. Practical Capacity vs. NPV for all cases. 
 
6. Conclusions 
The proposed approach to calculate Practical Capacity requires a combination of geological, reservoir 
engineering, and economic analyses. Practical Capacity can be calculated by the procedure proposed. A 
heterogeneous geological model was built for the storage site. Our economic analyses based on the results of 
reservoir simulations show that the Practical Capacity not only depends on the number of wells, location of wells, 
and injection operations, but also on economic factors such as costs, carbon tax, etc. 
Practical Capacity calculated is between 0-65 Mtons, which is obtained by reservoir simulation and economic 
analyses. Practical Capacity and NPV are linearly related, and we can determine which operation condition or well 
arrangement will have the best Practical Capacity or NPV from this plot. This can help us design the best injection 
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strategy. 
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